Schistosomiasis is an ancient and chronic neglected tropical disease that infects over 240 million 22 people and kills over 200,000 of the world's poorest people every year 1,2 . There are no vaccines 23 and because there is only one drug available, the need for new therapeutics is great. The causative 24 agents of this disease are flatworm parasites that dwell inside the host's circulation, often for 25 85 3f, third column). 86 Similar to what has been observed in planarians 18 , tapeworms 19 , and acoels 20 , we find that many 87 well-characterized morphogens that regulate wnt (Extended Data Fig 4a-d) and tgfb signaling 88 (Extended Data Fig. 4e -h) are predominantly expressed in muscle and neuronal cells. Homologues 89 of many of these genes are expressed specifically in planarian muscles 3 and have been implicated 90 in regulating normal regeneration in planarians 18 . Though schistosomes survive amputation 21 , 91 there is no evidence of whole-body tissue regeneration. It is interesting, therefore, that the 92 expression pattern of these signaling molecules is conserved in a non-regenerative animal. This 93 suggests that their anatomically restricted expression in neuromuscular tissues could regulate 94 schistosome neoblast fates during homeostasis. Further investigation of this hypothesis in 95 schistosomes could uncover novel regulators of stem cell biology in these parasites.
lumens compared to 0 out of 4 of control(RNAi) animals (Extended Data Fig. 9f , f'). To understand 177 whether the parasites were capable of filling their gut lumen, we supplemented the culture media 178 with fluorescently-labeled dextran that, upon ingestion, enters the gut lumen, and is absorbed into 179 the gut in a time-dependent fashion 28 . After 12 hours of culture in dextran (after dextran is ingested 180 but before it is absorbed), 15 out of 15 control parasites had dextran in the gut lumen whereas only 181 1 out of 15 hnf4(RNAi) parasites had dextran in the lumen (Fig. 3f ). Further examination of the 182 parasite's head revealed that dextran completely failed to enter the digestive tract of the hnf4(RNAi) 183 parasites (Extended Data Fig. 9g ), suggesting either a complete loss of patency or a defect in the 184 parasite's ability to coordinate the passage of dextran into the gut. 185 Although the gut was abnormal in hnf4(RNAi) animals, it was unclear whether the hnf4 RNAi 186 resulted in destruction of the gut, a block in new gut production or some combination of both. 187 There was no apparent difference in the number of TUNEL + apoptotic cells between control and 188 hnf4(RNAi) animals (Extended Data Fig. 9h ). To understand whether stem cell differentiation was 189 grossly intact, we looked at tegument production using EdU pulse-chase approaches in hnf4(RNAi) 190 animals and found a significant increase in tegument production compared to control(RNAi) 191 animals (Extended Data Fig. 9i , j), ruling out a broad stem cell differentiation defect. Our ability 192 to monitor new gut production by EdU pulse-chase approaches was complicated by the fact that 193 gut marker expression was largely absent in most parasites (Fig. 3d, Extended Data Fig. 9b ). 194 Examination of gut differentiation in cases where we could detect gut marker expression by EdU 195 pulse-chase approaches in hnf4(RNAi) parasites revealed that new gut-like tissue (i.e., expresses 196 gut markers like ctsb, though not always in the typical linear pattern along the parasite's midline) 197 was still being produced (Extended Data Fig. 9k ), but the gut-like tissue that was present was 198 morphologically abnormal by ISH (Extended Data Fig. 9b , see hnf4(RNAi) animals). Examination of eled expression in conjunction with the gut marker ctsb revealed that areas with a greater number 200 of eled + cells had low or no expression of ctsb. Conversely, where ctsb transcripts were present, 201 eled + cells were relatively sparse (Extended Data 9l). This is consistent with a partial 202 differentiation block where areas with fewer eled + cells and high ctsb expression may represent 203 locations where eled + neoblasts were able to partially overcome the differentiation block and form 204 gut-like tissue. However, given the relatively low basal rate of gut production 12 , a partial block of 205 gut differentiation is not likely to result in such a dramatic gut defect over the course of a 17 day 206 RNAi treatment. As such, hnf4 is likely required for both normal gut production and maintenance. 207 Based on the profound morphological defects in the gut, we next asked whether there were any 208 functional consequences of hnf4 RNAi. Although glucose can be absorbed across the parasite's 209 tegument, parasites rely on the gut to digest host blood cells 29 . To test the digestive capability of 210 hnf4(RNAi) parasites, we added red blood cells to the media and observed the parasites' ability to 211 uptake and digest the cells. While the vast majority of control(RNAi) parasites (67/69) were able 212 to ingest and digest red blood cells as evidenced by black pigmentation in the gut 30 , hnf4(RNAi) 213 parasites either failed to ingest red blood cells (15/69) or ingested red blood cells but couldn't 214 digest them as evidenced by red pigmentation in the gut (54/69) ( Fig. 4a, b) . These data suggest a 215 decrease in the blood ingestion and digestion capacity of the hnf4(RNAi) animals but does not 216 address the mechanism of any digestive defects. Because we measured a decrease in the expression 217 of many proteolytic enzymes in our RNAseq experiment ( Supplementary Table 2 ), we next asked 218 whether there was a loss in the hnf4(RNAi) parasites of those cysteine (cathepsin) proteases that 219 contribute to hemoglobin digestion 31 . Accordingly, we measured the cathepsin activity of lysates 220 from control(RNAi) and hnf4(RNAi) parasites using the fluorogenic peptidyl substrate, z-Phe-Arg-221 AMC (Z-FR-AMC) 32 . We show that the majority of the activity (94%) in protein extracts from control(RNAi) parasites is due to cathepsin B, as this activity is sensitive to the selective cathepsin 223 B inhibitor, CA-074 ( Fig 4c) . In hnf4(RNAi) parasites, the cysteine protease activity is decreased 224 8.2-fold relative to control(RNAi) parasites. Thus, the functional assay data are consistent with 225 our gene expression analyses that show a significant reduction in five cathepsin B gene sequences 226 in the hnf4(RNAi) animals ( Supplementary Table 2 ). In contrast, we show that aspartyl protease 227 activity is unchanged in control(RNAi) and hnf4(RNAi) parasites (Extended Data Fig. 10a ), which 228 could reflect the expression of aspartic proteases in non-gut tissues that were not downregulated 229 following hnf4 RNAi ( Supplementary Table 1 , 2). Taken together, these data suggest that hnf4 is 230 required for cathepsin B-mediated digestion of hemoglobin in S. mansoni.
231
Given the importance of blood uptake and digestion for egg production 29 , the primary driver of the 232 pathology of schistosomiasis, we wondered whether hnf4 was required to cause disease in the host.
233
To test this, we transplanted control(RNAi) and hnf4(RNAi) parasites into uninfected mice and 234 then perfused the mice 23 to 30 days post-transplant. Worm recovery was statistically 235 indistinguishable (72% of control(RNAi) animals recovered vs. 49% of hnf4(RNAi) animals, p = 236 0.136) (Extended Data Fig. 10b ), suggesting no substantial impact on parasite survival.
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Nonetheless, mice transplanted with hnf4(RNAi) parasites had grossly normal looking livers in 238 contrast to abundant egg-induced granulomata in control(RNAi) recipients ( Fig. 4d , Extended Data 239 Fig. 10c ). Also, recovered male hnf4(RNAi) parasites were significantly shorter than their control 240 counterparts (2.87mm vs. 5.21mm, respectively, p < 0.0001) ( Fig. 4e , Extended Data Fig. 10d ).
241
Together, these results suggest that hnf4 is required for parasite growth and egg-induced pathology 242 in vivo. 243 Schistosomiasis is a neglected tropical disease due in no small part to the difficulty of studying 244 these parasites in the laboratory. Prior to this work, identification of specific tissue markers and 245 understanding the cellular and molecular consequences of experimental perturbations relied upon 246 a great deal of effort and guesswork 7,12,13,17,23,33 . Using scRNAseq, we not only generated the most 247 comprehensive single-cell atlas of any metazoan parasite to date, but also identified regulators of 248 gut biology, leveraging this knowledge to experimentally perturb schistosome-induced pathology 249 in the mammalian host. Indeed, our approach serves as a template for the investigation of other 250 understudied and experimentally challenging parasitic metazoans, thereby improving our 251 understanding of their biology and enabling us to discover novel therapies for these pathogens. For each of 6 different neuron cluster-specific genes (from left to right "neuron 11": Smp_042120, 338 "neuron 12": Smp_159220, "neuron 14": Smp_072470, "neuron 15": Smp_319030, "neuron 18": minute EdU pulse. e, For the "S1"-enriched gene nanos1, the "S1 progeny"-enriched gene 395 msantd3, the "late vitellocyte"-enriched gene p48, and the "mature vitellocyte"-enriched gene 396 ataxin2: (left) violin plots showing gene expression levels across the clusters "S1", "S1 progeny", 397 "early vitellocytes", "late vitellocytes", "mature vitellocytes" colored by sex (mature female = 398 magenta, virgin female = green, male = yellow) and (right) representative micrographs of 399 colorimetric WISH of the indicated gene in the vitellaria of mature females (m♀) and the midline 400 of males (♂) as indicated on the image. f, For the "S1"-enriched gene nanos1, the "S1 progeny"-401 enriched gene msantd3, the "late vitellocyte"-enriched gene p48, and the "mature vitellocyte"- replicates. Nuclei are pseudo-colored blue. Scale bars, b, 100µm, f, 5µm, f', 5µm, g, 50µm, h, components (78) used for this analysis was defined by JackStraw. Analysis of the resulting single cell map found that 540 clusters 27 and 50 contained few enriched markers, therefore we removed the 964 cells present in these clusters and 541 reran the analysis with 78 principal components. From here we generated the final UMAP projection plot with 542 RunUMAP (n.neighbors = 36, min.dist = 0.70, dims = 1:80). Next, we generated clusters (FindClusters, resolution = 543 5) and manually inspected the unique genes expressed in each of the clusters. In some cases we found that some of 544 the 85 resulting clusters did not express a core set of unique genes, therefore, these clusters were merged into a single 545 cluster of cells as follows: Neoblasts (clusters 0,1,2,6,7,37), Neoblast progeny (cluster 4,8), Neuron 1 (clusters 10, 60, 546 68), Neuron 6 (clusters 24, 26), Parenchyma (clusters 11, 12, 51), flame cells (clusters 14, 41), S1 Cells (clusters 3, 9, 547 32, 42) and tegument (clusters 36, 63). After merging we were left with a final map of 68 clusters of 43,643 cells.
548
Raw data from single cell RNAseq experiments are available from XXXX with accession number XXXX.
549
Parasite labeling and imaging 550 Colorimetric and fluorescence in situ hybridization analyses were performed as previously described 11,12 with the 551 following modification. To improve signal-to-noise for colorimetric in situ hybridization, all probes were used at 10 552 ng/mL in hybridization buffer. In vitro EdU labeling and detection was performed as previously described 11 . For 553 dextran labeling of the parasite gut, 10 male RNAi-treated parasites were given 10µL/mL of 5 mg/mL (in water) 554 solution of biotin-TAMRA-dextran (Life Technologies D3312) and cultured 12 hours. The parasites were then fixed 555 in fixative solution (4% formaldehyde in PBSTx (PBS + 0.3% triton-X100)) for 4 hours in the dark with mild agitation.
556
Worms were then washed with 10 ml of fresh PBSTx for 10 minutes, then dehydrated in 100% methanol and stored 557 at -20dC until used in fluorescence in situ hybridization as described 11,12 . All fluorescently labeled parasites were 558 counterstained with DAPI (1 µg/ml), cleared in 80% glycerol, and mounted on slides with Vectashield (Vector 559 Laboratories).
560
Transmission electron microscopy samples were prepared from RNAi-treated parasites that were immersed in fixative
561
(2.5% glutaraldehyde in 0.1M sodium cacodylate buffer pH 7.4 with 2mM CaCl2) and then amputated at the head and 562 the tail in order to retain ~5mm of trunk. After three rinses with 0.1 M sodium cacodylate buffer, the parasite trunks 563 were embedded in 3% agarose and sliced into small blocks (1mm 3 ), rinsed with the fixative three times and post-fixed 564 with 1% osmium tetroxide and 0.8 % Potassium Ferricyanide in 0.1 M sodium cacodylate buffer for one and a half 565 hours at room temperature. Samples were rinsed with water and en bloc stained with 4% uranyl acetate in 50% ethanol 566 for two hours. They were then dehydrated with increasing concentration of ethanol, transitioned into propylene oxide, 
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In order to normalize counts, we collected confocal stacks and normalized the number of cells counted to the length 577 of the parasite in the imaged region. Brightfield images were acquired on a Zeiss AxioZoom V16 equipped with a 578 transmitted light base and a Zeiss AxioCam 105 Color camera.
579

RNA interference
580
For detailed schematic of RNAi experiments, see Supplementary Table 4 . Generally, all experiments utilized freshly 581 perfused male parasites (separated from females) unless otherwise noted. dsRNA treatments were all carried out at 30 582 µg/ml in Basch Media 169. dsRNA was generated by in vitro transcription and was replaced as indicated in 583 Supplementary Table 4 . EdU pulses were performed at 5µM for 4 hours before either fixation or chase as previously 584 described 11 .
585
As a negative control for RNAi experiments, we used a non-specific dsRNA containing two bacterial genes 36 . cDNAs 586 used for RNAi and in situ hybridization analyses were cloned as previously described 36 ; oligonucleotide primer 587 sequences are listed in Supplementary Table 5 .
qPCR and RNAseq
589
RNA collection was performed as previously described 12 with the following modifications. Parasites were treated with 590 dsRNA as described in Supplementary Table 3 ("strategy 4") and whole parasites were collected in Trizol. RNA was 591 purified from samples utilizing Direct-zol RNA miniprep kits (Zymo Research R2051). Quantitative PCR analyses 592 were performed as previously described 11, 12 . cDNA was synthesized using iScript™ cDNA synthesis kit (Bio-Rad 593 1708891) and qPCR was performed as previously described 13 
